Neural circuits in the cerebral cortex are shaped by experience during "critical periods" early in life. For example, visual cortex is immature at the time of eye opening and gradually develops its functional properties during a sensitive period. Very few reports have addressed the role of intrinsic neural activity in cortical maturation. Here we have exploited the bacterial enzyme botulinum neurotoxin E (BoNT/E) to produce a unilateral, reversible blockade of neural activity in rat visual cortex during the sensitive period. BoNT/E is a highly selective protease that interferes with transmitter release via cleavage of the synaptic protein SNAP-25 (synaptosomal-associated protein of 25 kDa). Unilateral, intracortical injections of BoNT/E were made at the time of eye opening and resulted in the silencing of the treated, but not contralateral, hemisphere for a period of 2 weeks. We found that visual acuity was permanently reduced in the blocked hemisphere, and the critical period for ocular dominance plasticity persisted into adulthood. Unexpectedly, these effects extended equally to the contralateral, uninjected side, demonstrating a fundamental role for interhemispheric connections in cortical maturation.
Introduction
The mammalian visual cortex is immature at the time of eye opening and gradually develops its functional and structural properties during a critical period early in life (Sherman and Spear, 1982; Berardi et al., 2000; Sur and Leamey, 2001; Fox and Wong, 2005; Hensch, 2005) . During this period of heightened plasticity, the refinement and fine-tuning of neural circuits requires visual experience (Katz and Shatz, 1996; Hensch, 2005) . A number of studies have addressed the role of visual input in sculpting cortical circuitry. Monocular deprivation (MD) and dark rearing are two classic paradigms for the study of experience-dependent changes in neural connectivity. For example, animals reared in complete darkness from birth show alterations in glutamatergic and GABAergic transmission (Benevento et al., 1992; Desai et al., 2002; Morales et al., 2002) as well as a change in the threshold for synaptic potentiation and depression (Kirkwood et al., 1996) . Cortical cells have large receptive fields, high rates of spontaneous discharge, and poor direction selectivity (Gianfranceschi et al., 2003; Li et al., 2006) . Visual acuity remains also abnormally low (Fagiolini et al., 1994; Gianfranceschi et al., 2003) .
Although the impact of afferent visual input on cortical maturation has been thoroughly investigated, only a few reports have examined the effects of blocking cortical activity during the sensitive period. Intracortical infusion of tetrodotoxin (TTX) completely prevents the maturation of orientation selectivity in ferret visual cortex (Chapman and Stryker, 1993) . At the anatomical level, silencing action potentials with TTX blocks the formation of patchy horizontal connections linking columns with similar preferred orientation (Ruthazer and Stryker, 1996) . These data point to a crucial role for cortical discharges in the maturation of orientation selectivity. However, the role of cortical activity in other developmental processes remains unexplored.
Here we have exploited the clostridial enzyme botulinum neurotoxin E (BoNT/E) to produce a long-term silencing of activity in the developing rat primary visual cortex. BoNT/E is a metalloprotease that enters the cytosol of nerve terminals close to the site of delivery and specifically cleaves the synaptic protein SNAP-25 (synaptosomal-associated protein of 25 kDa), causing a prolonged blockade of transmitter release (Schiavo et al., 2000; Davletov et al., 2005) . We demonstrated recently that a single injection of BoNT/E into the rat hippocampus blocks both spontaneous and evoked neural activity for at least 2 weeks (Costantin et al., 2005) . Here, a unilateral injection of BoNT/E was performed into rat primary visual cortex to silence neural discharges during the sensitive period. We examined the effects of this activity blockade on development of visual function and termination of the critical period. Moreover, we assessed maturation of striate cortex contralateral to the blocked side (which maintains its direct visual input) to probe a role for interhemispheric communication in visual cortical development.
Materials and Methods

Animal treatment
Long-Evans hooded rats were used in this study. Animals were reared in a 12 h light/dark cycle, with food and water available ad libitum. All experimental procedures conformed to the European Communities Council Directive number 86/609/EEC.
BoNT/E was obtained by Wako (Osaka, Japan), trypsin activated, purified, and tested as described previously (Schiavo and Montecucco, 1995; Costantin et al., 2005) . Unilateral stereotaxic injections of BoNT/E (30 nM) or vehicle (2% rat serum albumin in PBS) were made into left primary visual cortex of postnatal day 14 (P14) rat pups under avertin anesthesia (tri-bromo-ethanol; Sigma, St. Louis, MO). Injections were performed at three locations by means of a glass pipette (40 m tip diameter) mounted on a motorized three-axis micromanipulator connected to an injector. The three locations were as follows: 2.5 mm lateral to the midline and 1 mm anterior to lambda; 2.5 mm lateral and in correspondence with lambda; 2.5 mm lateral and 1 mm posterior to lambda. At each site, 0.5 l were slowly delivered at a depth of 1 mm below dura.
Monocular deprivation was performed by eyelid suture under isoflurane anesthesia. MD animals were carefully inspected every day to make sure that the lid suture remained intact.
Histology
P14 rat pups received unilateral injections of BoNT/E (n ϭ 9) or vehicle (n ϭ 5). One to 4 d later, they were deeply anesthetized and perfused through the heart with 4% paraformaldehyde. Coronal sections (40 m thick, cut on a freezing microtome) were reacted with antibodies recognizing either BoNT/E-cleaved or intact SNAP-25. Cleaved SNAP-25 was detected using a peptide affinity-purified polyclonal antibody raised against the BoNT/E truncated C-terminal peptide of SNAP-25 (CDMG-NEIDTQNRQIDR). This antibody specifically recognizes cleaved SNAP-25 but not the whole protein (Costantin et al., 2005) . Intact SNAP-25 was revealed with a polyclonal antibody raised against a synthetic peptide corresponding to residues 195-206 of SNAP-25 protein.
For immunostaining, sections were blocked with 10% normal goat serum in PBS containing 0.3% Triton X-100 and then incubated overnight at 4°C with the primary antibodies. For detection of cleaved SNAP-25, sections were reacted with a biotinylated secondary antibody (Vector Laboratories, Burlingame, CA), followed by avidin-biotin-peroxidase complex (ABC kit; Vector Laboratories) and diaminobenzidine reaction. For detection of intact SNAP-25, sections were incubated with AlexaFluor568-conjugated secondary antibody (Invitrogen, Carlsbad, CA) .
A group of normal rats (n ϭ 4) and rats unilaterally injected at P14 with vehicle (n ϭ 4) or BoNT/E (n ϭ 5) were perfused at P35 for the anatomical analysis. Serial cortical sections (one of six) were Nissl stained for the evaluation of cortical thickness. Additional serial sections were incubated overnight at 4°C with monoclonal antibodies specific for the neuronal-specific nuclear protein NeuN (1:500; Chemicon, Temecula, CA) or the GABA biosynthetic enzyme GAD65 (1:500; Chemicon) or in a solution of biotin-conjugated wisteria floribunda agglutinin (WFA) (10 g/ml). Bound primary antibodies were detected with biotinylated antimouse (1:200), followed by cyanine 3 (Cy3)-conjugated ExtrAvidin (1: 500; Sigma). WFA was revealed with a 1 h incubation in Cy3-conjugated ExtrAvidin (1:500; Sigma).
Additional rats (vehicle, n ϭ 4; BoNT/E, n ϭ 4) were injected unilaterally at P14 and perfused when they were older than P100. Serial cortical sections were stained with anti-GAD65 antibodies as described above.
Morphometry and confocal analysis
All data were collected blind to the experimental treatment.
Cortical thickness. The analysis was performed on coronal sections of primary visual cortex using Stereo Investigator software (MicroBrightField, Colchester, VT) and a Zeiss (Oberkochen, Germany) microscope. In each section, we measured the distance from the pial surface to white matter. Three measures were taken from each section, and at least six sections were analyzed per animal. These values were averaged to obtain cortical thickness in individual animals.
Density of neurons. NeuN-stained sections were examined with a confocal microscope (Leica, Nussloch, Germany) using a 40ϫ oil immersion objective. Neurons were counted in three-dimensional counting boxes (250 ϫ 250 ϫ 12 m) positioned in either layer II/III or layer V/VI of primary visual cortex. An average of 1600 neurons were counted for each experimental animal. Neuronal density was calculated by averaging values obtained from at least six sections per animal.
Quantification of GAD65 staining. All confocal images were collected with an Olympus Optical (Tokyo, Japan) confocal microscope using a 60ϫ oil immersion lens. An initial analysis on stained sections from the different groups was performed to establish settings for laser intensity, gain, offset, and pinhole size. Care was taken to avoid saturation at either end of the pixel intensity range (0 -255). Confocal settings were then held constant through the study. Examination of animals from the various treatment groups was interdigitated to avoid bias caused by slow shifts in laser power. Five to eight sections per animal were analyzed. For each section, we imaged three adjacent fields (105 ϫ 105 m) located in layer II/III of primary visual cortex. In each field, a stack of 10 GAD65 optical sections separated by 1 m was collected at the top face of the tissue section. The image within each stack with the highest average pixel intensity was selected for the quantitative analysis of GAD65 immunoreactivity (Silver and Stryker, 2000; Tropea et al., 2003) .
Perisomatic GAD65 signals ("puncta ring") from four to five target neurons were outlined for each image, and GAD65 signal intensity was calculated (MetaMorph; Molecular Devices, Sunnyvale, CA). For each neuron, signal intensity values were divided by the background labeling in the cell soma (which is devoid of GAD65 staining). A total sample of 90 -180 neurons was analyzed for each animal.
The area occupied by GAD65-positive pixels in the neuropil was calculated for each image by applying a threshold (average background signal in the cell somas multiplied by four) and masking all blood vessels and cells bodies. Calculation of the cross-sectional area of GAD65 staining was used here and in previous studies (Smith et al., 2000; Tropea et al., 2003) to estimate the density of presynaptic boutons.
Density of WFA-positive cells. Labeled cells were counted (Pizzorusso et al., 2002) blind to the treatment on a fluorescence microscope using a 20ϫ objective (0.1 mm 2 fields). Six to 8 sections were analyzed for each experimental animal.
Immunoblotting
Rats received unilateral BoNT/E injections at P14, and visual cortices were dissected 1, 7, 14, and 21 d after treatment. Proteins were extracted (Viegi et al., 2002) with lysis buffer (1% Triton X-100, 10% glycerol, 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM EDTA, 0.1 mM Na 3 VO 4 , 1 g/ml leupeptin, 1 g/ml aprotinin, and 1 mM PMSF). Protein extracts (10 g) were separated by electrophoresis and blotted, and filters were incubated with an antibody specific for the BoNT/E-cleaved form of SNAP-25 (1:50 dilution) or with an antibody recognizing both BoNT/Ecleaved and intact SNAP-25 (1:1000; Sternberger Monoclonals, Lutherville, MD). Blots were then reacted with HRP-conjugated secondaries (Bio-Rad, Hercules, CA) and developed by ECL (Amersham Biosciences, Little Chalfont, UK). Filters were also probed with anti-␤-tubulin monoclonal antibody (1:500 dilution; Sigma), which serves as an internal standard for protein quantification.
Electrophysiology
Rats were anesthetized with urethane (7 ml/kg; 20% solution in saline, i.p.; Sigma) and placed in a stereotaxic apparatus. Both eyes were fixed by means of adjustable metal rings surrounding the external portion of the eye bulb, and optic disk locations were projected onto a tangent screen to determine the vertical meridian. Body temperature during the experiments was constantly monitored with a rectal probe and maintained at 37°C with a heating blanket. Electrocardiogram was also continuously monitored. A portion of the skull overlying the binocular visual cortex was carefully drilled and the dura was removed. A glass micropipette (2 M⍀) filled with NaCl (3 M) was inserted into the binocular portion of primary visual cortex.
Single-unit recordings. The position of receptive fields of single units were mapped using a hand-held stimulator. Only cells with receptive fields within 20°of the vertical meridian were included in the analysis. Most (Ͼ80%) of the cells in our sample were recorded from supragranular layers (i.e., at a depth Ͻ800 m from the cortical surface). Spontaneous activity and peak response were determined from peristimulus time histograms recorded in response to computer-generated bars, averaged over 10 -20 stimulus presentations as described previously (Lodovichi et al., 2000) .
Ocular dominance (OD) was evaluated according to the methods of Hubel and Wiesel (1962) . Neurons in ocular dominance class 1 were driven only by stimulation of the contralateral eye; neurons in ocular dominance class 2/3 were binocular and preferentially driven by the contralateral eye; neurons in ocular dominance class 4 were equally driven by the two eyes; neurons in ocular dominance class 5/6 were binocular and preferentially driven by the ipsilateral eye; neurons in ocular dominance class 7 were driven only by the ipsilateral eye. For each animal, the bias of the OD distribution toward the contralateral eye [contralateral bias index (CBI)] was calculated as follows:
where N (i) is the number of cells in class i, and N TOT is the total number of recorded cells in a specific animal.
Visual evoked potential recordings. The electrode was positioned at a depth of 400 -500 m into the cortex, in which visual evoked potentials (VEPs) had their maximal amplitude. Transient VEPs were recorded in response to abrupt reversal of a horizontal square-wave grating, generated by computer on a display (Sony, Tokyo, Japan) by a visual stimulus generator card (Cambridge Research System, Rochester, Kent, UK), which was positioned in front of the rat's eyes to include the binocular visual field. Signals were amplified (10,000-fold), bandpass filtered (0.1-500 Hz), and fed to a computer for storage and analysis. At least 50 events were averaged in synchrony with the stimulus contrast reversal. Transient VEPs were evaluated in the time domain by measuring the peak-totrough amplitude and the latency of the major negative component (Pizzorusso et al., 2002) . VEPs in response to a blank stimulus were also frequently recorded to estimate noise. Visual acuity was measured as the highest spatial frequency that still evoked a response above noise level at maximum contrast.
Analysis of all electrophysiological data were performed by an investigator (L.G.) that was unaware of the experimental treatment of the animals.
Muscimol experiments
Ten animals at the peak of the critical period (age range, P23-P28; saline, n ϭ 5; muscimol, n ϭ 5) were used. Muscimol (30 mM; Sigma) was dissolved in saline and stored at 4°C. In preliminary experiments, we found that muscimol injections into the binocular visual cortex (1 l) were highly effective in blocking activity within 30 min. In all of the animals, a craniotomy was made on both sides of the skull. A sample of 10 -12 neurons were recorded from a single pipette track in the right hemisphere. The binocular portion of left visual cortex was then injected with saline or muscimol. After a delay of 30 min, we started to record from single units again during withdrawal along the same track. The experimenter (L.R.) did not know whether muscimol or saline was injected, and the code was broken only at the completion of the analysis.
Behavioral assessment of visual acuity
Behavioral assessment of visual acuity was performed starting from P60 in animals that received BoNT/E (n ϭ 10) or vehicle (n ϭ 7) at P14 and in naive subjects (n ϭ 6). Rats were tested blind to treatment in the visual water task as described previously (Prusky et al., 2000; Pizzorusso et al., 2006) . Briefly, the device consisted of a trapezoidal-shaped pool, filled with water, partially divided at one end in two arms by a divider. Visual stimuli consisted of gratings of various spatial frequencies or gray fields, which were generated with two computer monitors and placed at the end of each arm. A hidden platform was placed below the grating. Animals were released from the nondivided end of the box and trained to associate the stimulus grating with the submerged platform (i.e., escape from water). The position of the grating and the platform was alternated in a pseudorandom sequence. Visual water task trains animals to distinguish initially a low (0.1 cycles/degree) spatial frequency vertical grating from gray and then tests the limit of this ability at higher spatial frequencies. A trial was recorded as incorrect if an animal entered the arm without the platform. Animals were removed from the pool when they found the platform. The limit of discrimination was estimated by increasing the spatial frequency of the grating until performance fell below 70% accuracy. The highest spatial frequency at which 70% accuracy was achieved was recorded as the visual acuity ( 
Statistical analysis
Statistical analysis was performed with SigmaStat (version 3.1; Systat Software, Port Richmond, CA). Differences between two groups were assessed with a two-tailed t test. Differences between three or more groups were evaluated with one-way ANOVA, followed by a Tukey's or Holm-Sidak test for data normally distributed and with Kruskal-Wallis one-way ANOVA with Dunn's post hoc test for data non-normally distributed. Normality of distributions was assessed with KolmogorovSmirnov test. Differences between OD distributions were assessed using a 2 test (four degrees of freedom). Level of significance was p Ͻ 0.05.
Results
Transient silencing of cortical activity by BoNT/E We unilaterally injected BoNT/E (30 nM solution) or vehicle (2% rat serum albumin in PBS) into the visual cortex of rat pups at the time of eye opening (P14). Immunostaining for cleaved SNAP-25, performed 1-4 d after BoNT/E injection, demonstrated that BoNT/E effects were restricted to the injected side and that diffusion of the toxin was adequate to cover the whole extent of primary visual cortex in the infused hemisphere (Fig. 1 A) . Staining for intact SNAP-25 revealed a strong loss of immunoreactivity in the injected area and the normal, punctuate labeling typical of synaptic markers in the contralateral hemisphere ( Fig. 1 B) . There was no detectable spread of BoNT/E effects to more ventral structures such as the superior colliculus ( Fig. 1 A) and hippocampus (data not shown). To further confirm the regional specificity of BoNT/E effects, we performed immunoblot analysis on protein extracts from the treated and untreated visual cortex at P15 (i.e., 1 d after injection), using an antibody that recognizes both intact and BoNT/E-truncated SNAP-25. The results were clear in indicating that SNAP-25 cleavage only occurred on the infused side ( Fig. 1C) and that levels of intact SNAP-25 in the contralateral hemisphere were comparable with those of normal animals (post ANOVA Tukey's test, p Ͼ 0.05). Extracellular recordings of spiking activity and VEPs were used to demonstrate functional consequences of SNAP-25 cleavage. Recordings at P16 -P17 showed that infusion of vehicle had no effect on visual responses (data not shown). Conversely, BoNT/E produced a blockade of neuronal activity in the injected hemisphere ( Fig. 2 A, B) . No visually responsive cells and no measurable VEP responses could be found in the cortical area surrounding the injection sites (Fig. 2 B) . The silencing effects of BoNT/E were consistently limited to the injected side, and indeed vigorous responses could be recorded in the contralateral hemisphere ( Fig. 2 A, B) .
Duration of BoNT/E action was assessed by recordings from visual cortex at different times after delivery of the toxin. At P21-P23 (i.e., 7-9 d after BoNT/E) cortical cell discharges were still blocked in the infused hemisphere, and no VEP responses could be elicited (Fig. 3A) . Visually responsive cells began to reappear at P28 in four of five recorded animals. Accordingly, VEP recordings showed sluggish field potential responses (with significantly increased latency, p Ͻ 0.05 t test vs normal animals) (Fig. 3A) in these rats and ongoing blockade in the remaining animal. Visual activity was completely recovered by P35, i.e., 21 d after BoNT/E injection (Fig. 3A) . Primary visual cortex was dissected from the recorded animals to analyze the time course of SNAP-25 cleavage. In keeping with the electrophysiological results, Western blotting demonstrated very high levels of cleaved SNAP-25 at P15 and P21, i.e., 1-7 d after BoNT/E (Fig. 3B-D) . A decrease in BoNT/E-truncated SNAP-25 and a corresponding rise in intact SNAP-25 was observed in P28 animals ( Fig. 3B-D) . Cleaved SNAP-25 was no longer detectable at P35 (Fig. 3B-D) . Thus, BoNT/E effects are completely extinguished 21 d after injection.
To exclude that the long-term blockade of activity might have deleterious effects on neuronal survival in the cortex, we determined cortical thickness and neuron density at P35. This analysis revealed no changes in the BoNT/E-injected and contralateral cortex with respect to either the normal or vehicle-injected P35 cortex (one-way ANOVA, p Ͼ 0.19 for all comparisons) (Fig. 4 A-C) .
Silencing of one side results in bilateral impairments in visual cortical development
Functional development of binocular striate cortex was assessed at P34 -P36, i.e., around the end of the critical period for rat visual cortex (Fagiolini et al., 1994) . Data were collected from four groups: (1) naive cortex, (2) cortex infused with vehicle, and cortex (3) ipsilateral and (4) contralateral to BoNT/E injection.
We first measured the maturation of spatial resolution (acu- ity) in the cortex using VEPs (Fagiolini et al., 1994; Huang et al., 1999; Gianfranceschi et al., 2003) . We found that visual acuity was approximately half of the normal value on both the injected and uninjected side of P35 animals treated with BoNT/E (one-way ANOVA, p Ͻ 0.001; post hoc Tukey's test, p Ͻ 0.05) (Fig. 5 ), whereas vehicle injections had no effect ( p Ͼ 0.05). Acuity values were indistinguishable in the two hemispheres of BoNT/E-infused rats (post ANOVA Tukey's test, p Ͼ 0.05). Thus, a unilateral silencing of striate cortex results in bilateral impairments in the development of visual acuity. Single-unit recordings were performed to evaluate cortical binocularity in BoNT/ E-treated and control rats. This analysis indicated that the OD of cortical neurons was not affected by the activity blockade. OD histograms and CBIs were normal in both the BoNT/E-injected and contralateral hemisphere ( 2 test, p Ͼ 0.05; oneway ANOVA, p Ͼ 0.3) (Fig. 6 A, B) .
Visual cortex maturation in rats is accompanied by a decline in the potential for experience-dependent plasticity (Fagiolini et al., 1994; Pizzorusso et al., 2002) . We assessed sensitivity to MD in a group of BoNT/E-infused and control rats. We found that 4 -5 d of MD starting from P34 -P36 were ineffective in inducing a change in eye preference in normal and vehicle-infused rats (Fig. 7 A, B) . OD histograms and CBIs of these animals were superimposable to those measured in undeprived rats ( p Ͼ 0.05; 2 test and twotailed t test, respectively). In contrast, a robust OD shift to the open eye could be observed in both the ipsilateral and contralateral hemisphere of BoNT/E-injected rats (Fig. 7 A, B) . For this analysis, BoNT/E-infused animals were split into two groups and monocularly deprived either contralateral or ipsilateral to the injection, to assess plasticity of the treated and untreated hemisphere, respectively. Statistical testing demonstrated that CBI values were lower in the BoNT/E-injected and contralateral cortex compared with normal and vehicle-infused controls (one-way ANOVA, p Ͻ 0.001; post hoc Tukey's test, p Ͻ 0.05). CBIs in the former groups did not differ (post ANOVA Tukey's test, p Ͼ 0.05), indicating that the magnitude of the OD shift was similar in the two hemispheres of BoNT/E rats. We conclude that unilateral blockade of cortical activity prolongs the critical period for plasticity in both hemispheres.
Substantial evidence indicates that intracortical GABAmediated inhibition is an important determinant of the critical period (Hensch et al., 1998; Huang et al., 1999; Hensch, 2005) . We analyzed the expression of GAD65, an isoform of glutamic acid decarboxylase that is concentrated in presynaptic terminals, in layers II-III of striate cortex by quantitative confocal microscopy (Huang et al., 1999) . Measurement of the area occupied by the immunoreactive staining indicated that both the cortex ipsilateral and contralateral to BoNT/E injection had a reduced density of GAD65 terminals in the neuropil (one-way ANOVA, p Ͻ 0.001; post hoc Holm-Sidak test, p Ͻ 0.05 with respect to naive and vehicle-infused cortex) (Fig. 8 A) . Analysis of GAD65 fluorescence in puncta rings surrounding the soma of cortical neurons also indicated a lower GAD65 signal in both hemispheres of the BoNT/E-treated rats (one-way ANOVA on ranks, p Ͻ 0.001; post hoc Dunn's test, p Ͻ 0.05) (Fig. 8 B) . . Activity blockade has no effects on cortical binocularity. A, OD distributions of control and BoNT/E rats at P35. Control rats were either naive (NOR) or injected with vehicle at P14 (VEHICLE). BoNT/E rats were injected at P14 and recorded both ipsilateral and contralateral to the infusion side (BoNT/E IPSI and BoNT/E CONTRA). Number of animals and cells as indicated. B, CBI of control and BoNT/E-treated rats at P35. Circles, Values of individual animals; diamonds, mean of the group. Error bars indicate SE and, when not seen, are within the symbol. No differences in OD can be detected among the groups (one-way ANOVA, p Ͼ 0.3). Bilateral prolongation of the critical period in P35 BoNT/E rats. A, OD distributions in normal and vehicle-and BoNT/E-injected rats subjected to MD at P35. OD was assessed after 4 -5 d of monocular occlusion. The deprived eye was always the eye contralateral to the cortical hemisphere being examined. Both hemispheres of BoNT/E rats display a significant shift toward the nondeprived eye (open circles). Number of animals and cells as indicated. Note that OD histograms for BoNT/E animals look bimodal, suggesting that two subsets of cortical cells are differentially sensitive to the activity blockade. B, CBI for all animals recorded in each experimental group (circles, values of single animals; diamonds, mean Ϯ SE). MD effects are consistently detectable in both hemispheres of BoNT/E-injected rats. Abbreviations as in Figure 6 .
Cessation of OD plasticity in rats correlates with the developmental organization into perineuronal nets of chondroitin sulfate proteoglycans (Pizzorusso et al., 2002) . We assessed the number of perineuronal nets by staining cortical sections with WFA. Countings of WFA-positive cells in layers II-III at P35 revealed a decrease in the BoNT/E-injected hemisphere with respect to both the naive and vehicle-infused cortex (one-way ANOVA, p Ͻ 0.01; post hoc Holm-Sidak test, p Ͻ 0.05) (Fig. 8C) . The number of perineuronal nets was similarly reduced in the cortex contralateral to BoNT/E infusion (post ANOVA HolmSidak test, p Ͻ 0.05) (Fig. 8C ).
Transient blockade of activity leaves a lasting change in visual cortex
The impaired spatial resolution and the sensitivity to MD found in P35 BoNT/E rats might either represent a delay in developmental maturation of the visual cortex or persist into adulthood. To address this issue, a group of control rats and rats injected with BoNT/E at P14 were allowed to survive until P60 -P100 (i.e., 30 -70 d after the completion of BoNT/E effects) and tested behaviorally for the determination of visual acuity. Using a twoalternative forced-choice discrimination task (visual water box) (Prusky et al., 2000) , we found significantly lower visual acuities in the animals treated with BoNT/E with respect to normal and vehicle-injected rats (post ANOVA Holm-Sidak test, p Ͻ 0.01) (Fig. 9 A, B) . Thus, BoNT/E rats exhibit a persistent deficit in visual acuity at the behavioral level. To determine whether spatial resolution was equally impaired in both hemispheres of adult BoNT/E rats, the animals were recorded for the determination of Figure 8 . Bilateral reductions in markers of intracortical inhibition in P35 BoNT/E rats. A, Mean density of GAD65-positive pixels in the neuropil (layers II-III) is significantly reduced in the cortex ipsilateral and contralateral to BoNT/E infusion with respect to both naive and vehicle-injected cortex. Error bars indicate SE. B, Quantification of GAD65 immunofluorescence in GABAergic terminals around the soma of target neurons. The box chart summarizes the distribution of the GAD65 signal-to-background ratio (intensity of GAD65 label in puncta rings divided by the background staining in the soma) for the cells in each experimental group. The horizontal lines in the box denote the 25th, 50th, and 75th percentile values. The error bars denote the 5th and 95th percentile values. The square symbol in the box denotes the mean of the column of data. GAD65 staining is less intense in both hemispheres of BoNT/E-injected rats compared with normal and vehicle-injected cortex (one-way ANOVA followed by Dunn's test, p Ͻ 0.05). C, Mean Ϯ SE density of perineuronal nets surrounded neurons in layer II/III. Density of WFA-positive cells is reduced ipsilateral and contralateral to BoNT/E infusion. Abbreviations as in Figure 6 . Figure 9 . Deficits in behavioral acuity in adult BoNT/E rats. A, Representative frequency-ofseeing curves for a normal rat (white symbols) and a BoNT/E rat (gray symbols). Each point is the average performance at a spatial frequency. A sigmoid curve is fit to the data, and the point at which the curve intersects 70% accuracy is taken as the grating threshold. B, Summary of data on behavioral visual acuity. Each circle represents one animal. Mean Ϯ SE visual acuity (diamonds) is significantly reduced in BoNT/E animals with respect to normal or vehicle-injected rats (ANOVA; post hoc Holm-Sidak test, p Ͻ 0.01).
VEP acuity. The results were clear in indicating that visual acuity was low both ipsilateral and contralateral to BoNT/E injection (one-way ANOVA, p Ͻ 0.001; post hoc Tukey's test, p Ͻ 0.01 vs normal and vehicle rats) (Fig. 10 A) . Acuity values did not differ between the two hemispheres of BoNT/E rats ( p Ͼ 0.05). We conclude that a unilateral blockade of cortical activity during the sensitive period produces bilateral impairments in visual function that extend into adulthood.
Plasticity was assessed with 4 -5 d of MD in a second group of P60 -P80 rats. Monocular occlusion had no effect in control rats but significantly skewed the OD distribution toward the open eye in both the BoNT/E-injected and contralateral cortex ( 2 test, p Ͻ 0.05) (Fig. 10 B) . Analysis of CBI values of individual rats indicated that the OD shift was comparable in the two hemispheres of BoNT/E rats (one-way ANOVA, p ϭ 0.01; post hoc Holm-Sidak test, p Ͼ 0.05) (Fig. 10C) . Thus, the two hemispheres retained a similar potential for plasticity in adult age.
To assess whether a persistent downregulation of intracortical inhibition might explain this enduring plasticity, coronal cortical sections from vehicle-and BoNT/E-injected rats (older than P100) were reacted with anti-GAD65 antibodies. A quantitative confocal analysis revealed that both hemispheres of BoNT/Etreated rats had a reduced density of presynaptic inhibitory boutons in the neuropil with respect to vehicle-injected rats (layers II-III; one-way ANOVA, p ϭ 0.011; post hoc Holm-Sidak test, p Ͻ 0.05) (Fig. 11) . Analysis of GAD65 fluorescence in puncta rings surrounding the cell body of target neurons also revealed similar bilateral reductions of GAD65 staining in BoNT/E rats (data not shown).
Reduction of spontaneous activity levels after silencing of the contralateral hemisphere
The dramatic long-term consequences of abolishing transcallosal input point to a crucial role for interhemispheric interactions in shaping cortical development. To begin addressing the mechanisms responsible for these effects, we performed single-unit recordings in the untreated hemisphere of BoNT/E-treated rats, 7 d after toxin infusion (i.e., during the period of blockade). The analysis revealed that, although responses to light-bar stimuli remained extremely brisk (Fig. 3A) , there was a remarkable decrease in the spontaneous discharge of cortical cells. Spontaneous firing rate had a median value of 3.37 spikes/s (interquartile ranges, 2.16 -6.57) in the untreated hemisphere of BoNT/E rats. These values were substantially lower than those found in normal age-matched animals (median, 13.03 spikes/s; interquartile ranges, 7.03-18.92). The difference was highly significant (Mann-Whitney rank sum test, p Ͻ 0.001). To determine whether this reduction in spontaneous activity reflects a developmental plastic event or it is rather an acute effect of callosal deprivation, we performed an experiment in which single cortical units were recorded in the same animal before and after silencing of the contralateral hemisphere. BoNT/E was not suited for this kind of experiment, because the toxin requires several hours to become fully active (our unpublished experiments). Therefore, we selected the GABA A agonist muscimol as the blocking agent. Approximately 10 -12 cortical cells were recorded along a micropipette penetration and muscimol (30 mM) or saline as control was injected into contralateral striate cortex. We found that the muscimol, but not saline, blocked cortical activity within 30 min. After this period, we started to record from single units again during withdrawal along the same track. We found a clear reduction of spontaneous activity levels after muscimol, but not saline, infusion (Fig. 12 A) . Quantification of spontaneous discharge indicated that cells recorded after muscimol had a significantly reduced firing frequency (one-way ANOVA on ranks, p Ͻ 0.001; post Dunn's test, p Ͻ 0.05 vs all of the other groups) (Fig. 12 B) . The other experimental conditions did not differ from each other (post ANOVA Dunn's test, p Ͼ 0.05) (Fig. 12 B) . These data demonstrate reductions of spontaneous discharge after blockade of the contralateral hemisphere.
Discussion
In this study, we exploited the clostridial neurotoxin BoNT/E to investigate the effects of a unilateral, transient blockade of cortical activity during the sensitive period. BoNT/E is a highly selective metalloprotease that elicits persistent but reversible inhibition of transmitter release via cleavage of the synaptic protein SNAP-25 (Schiavo et al., 2000; Costantin et al., 2005; Davletov et al., 2005) . Proteolysis of SNAP-25 by BoNT/E prevents the formation of a functional SNARE (soluble NSF-attachment protein receptor) complex, resulting in a highly selective blockade of synaptic activity (Schiavo et al., 2000; Montecucco and Molgo, 2005) . The action of BoNT/E is completely reversible, because the protease is inactivated with time and intact SNAP-25 is wholly replenished (Keller et al., 1999; Costantin et al., 2005) . Thus, BoNT/E combines a potent and long-lasting action with full reversibility at the cellular level (Bozzi et al., 2006) . These features make BoNT/E an ideal tool to address the role of synaptic activity in the brain. Indeed, a single administration of the toxin is sufficient to switch off activity for a period of 2 weeks, thus avoiding the need for more invasive techniques such as long-term minipump infusion of activity blockers (tetrodotoxin and muscimol), which is often impractical in small developing rodents. Importantly, we found no adverse effects of BoNT/E on neuronal survival, consistent with previous reports (Osen-Sand et al., 1996) .
Differently from tetanus toxin, BoNT/E is not axonally transported (Lalli et al., 2003) . We made several controls to make sure that there was no unintended diffusion or transport of the toxin from the injection site. These controls rely on the detection of intact and cleaved SNAP-25 by immunohistochemistry and immunoblotting (Fig. 1) . Following the fate of BoNT/E in vivo is inherently difficult because of the very tiny amounts of injected toxin. In this context, detection of cleaved substrate molecules provides the most sensitive assay for tracking movement of BoNT/E. Indeed, single toxin molecules can cleave a large number of SNAP-25 target molecules, providing a dramatic amplifying effect.
We have shown that intracortical delivery of BoNT/E at the time of eye opening (P14) results in strictly unilateral silencing of activity until near the peak of the critical period for visual cortex, i.e., P25-P28 in rats (Fagiolini et al., 1994; Lodovichi et al., 2000) . Considerable evidence indicates that eye opening represents a crucial event for refinement of cortical circuitry (Maffei et al., 2004; Gandhi et al., 2005) . Thus, injections of BoNT/E at P14 allow to target the process of cortical maturation since its initial phases.
There are three main findings from this study: (1) a transient unilateral silencing of intrinsic cortical activity produces deficits in visual acuity and an extension of the critical period for OD plasticity in the blocked hemisphere; (2) these same effects are detectable in the striate cortex of the opposite side, pointing to a crucial role for interhemispheric connections in postnatal development; and (3) impairments in cortical maturation persist into adulthood, indicating that a transient blockade of neural discharges leaves a permanent trace in cortical circuitry.
Our data demonstrate the requirement for intrinsic activity in several aspects of visual cortex development. It was shown previously that silencing of action potentials completely prevents maturation of orientation selectivity and clustering of horizontal connections in ferret visual cortex (Chapman and Stryker, 1993; Ruthazer and Stryker, 1996) . We show here that a transient blockade of cortical activity causes a reduction of visual acuity and an extension of the period of susceptibility to MD. These effects are accompanied by a decrease in GAD65 immunoreactivity. A reduced inhibitory tone may explain the deficits in spatial resolution and prolongation of the plastic state. Indeed, substantial evidence indicates that intracortical inhibitory connections control maturation of visual function and critical period plasticity (Huang et al., 1999; Berardi et al., 2003; Hensch, 2005) . For Figure 12 . Reduced neuronal firing after blockade of the opposite hemisphere. A, Representative recordings of spontaneous spiking activity from visual cortical neurons, before and after muscimol (or saline) injection into the contralateral hemisphere. B, Quantification of spontaneous firing rates before and after muscimol (or saline) infusion into the contralateral hemisphere. The box chart summarizes the distribution of spontaneous activity for the cells in each experimental group (saline, n ϭ 51 cells; muscimol, n ϭ 61 cells). The horizontal lines in the box denote the 25th, 50th, and 75th percentile values. The error bars denote the 5th and 95th percentile values. The square symbol in the box denotes the mean of the column of data. Spontaneous discharge is significantly reduced after muscimol delivery to the opposite side (one-way ANOVA, p Ͻ 0.001, followed by Dunn's test, p Ͻ 0.05).
example, a reduction of GABA-mediated transmission in visual cortex accounts for some of the classic effects of dark rearing (Gianfranceschi et al., 2003; Iwai et al., 2003) . Changes at the level of excitatory circuitry, such as alterations in AMPA or NMDA receptors (He et al., 2006) , could also underlie the effects of the activity blockade. This possibility remains to be evaluated. Interestingly, we found no effects of BoNT/E on the OD of cortical neurons. It is possible that BoNT/E affects OD but that the return of intrinsic activity is sufficient to restore normal binocularity by the time the recordings were performed (P35).
A second major conclusion from this study is that interhemispheric communication plays a fundamental role in functional development of the cortex. The callosal pathway matures quite early in development and links retinotopically corresponding loci in the two hemispheres (Lewis and Olavarria, 1995; Olavarria, 1996) . Interhemispheric linkages serve important functions, including binding together the separate representations of the two halves of the visual field (Berlucchi and Rizzolatti, 1968; Engel et al., 1991) . We have shown here a significant reduction in cortical activity after silencing of the contralateral side. This is consistent with previous studies in cats indicating that callosal projections provide a kind of general sustaining input to the contralateral hemisphere (Blakemore et al., 1983; Yinon et al., 1992) . This activity deprivation might explain the impaired cortical development on the side contralateral to BoNT/E injection. Indeed, the striate cortex contralateral to the blockade exhibits poor spatial resolution, prolongation of the critical period for OD plasticity, and reductions in markers of intracortical inhibition. It is worth noting that the magnitude of these effects is comparable in the blocked and untreated hemisphere. Thus, maturation of the blocked cortex is superimposable to that of the opposite side, which only lacks callosal input and maintains normal afferent activity through the direct retinogeniculate pathway. The very similar developmental deficits observed ipsilateral and contralateral to the activity blockade indicate a fundamental role for callosal linkages in coordinating the process of cortical maturation. In teleological terms, parallel development of the two sides of the brain is needed to ensure a match in information processing between the cerebral hemispheres. Indeed, this coordinated maturation grants uniform sampling of visual information and the ability to combine the two partial cortical maps into a single, coherent representation.
In rats, the whole extent of primary visual cortex contains numerous callosal cells and terminals (Olavarria and Van Sluyters, 1985; Lewis and Olavarria, 1995) . This organization is different from that observed in higher mammals such as cats and primates, in which callosal terminals are mainly concentrated at the border between area 17 and 18 (Olavarria, 1996; Houzel and Milleret, 1999) . This raises the issue of whether callosal influences are as important for cortical development in higher mammals as reported here for the rat. Reports in the literature suggest that this may indeed be the case. Early section of the callosum in cats produces a reduction in behaviorally measured visual acuity, supporting a role for interhemispheric communication in cortical maturation (Elberger, 1984) . Monkeys that received unilateral lesions of primary visual cortex in infancy display impairments of stimulus detection in the intact visual hemifield (Moore et al., 1996, their Fig. 3 ). Development of other functional properties might rely more on retinothalamic input and/or local intracortical plasticity rather than on callosal influences. For example, development of orientation selectivity in ferret visual cortex is not affected by activity blockade in the contralateral hemisphere (Chapman and Stryker, 1993) .
A third important finding of our study is that a transient activity blockade leaves a lasting change in visual cortex. Indeed, we observed basically no recovery of visual acuity in either hemisphere of animals injected with BoNT/E at P14 and allowed to survive until P60 -P100. In these adult animals, both the previously blocked and the uninjected hemisphere maintained a similar susceptibility to monocular suture. The data indicate that silencing neural activity produces persistent effects on visual function and the cortical plasticity machinery. It has been shown recently that adult plasticity is shaped by previous experience (Hofer et al., 2006) . Our data demonstrate that malleability of adult circuits can be conditioned by activity deprivation during early life. The persistent sensitivity to MD found on the site opposite to the blockade indicates that lack of callosal input during development is sufficient to maintain the adult cortex in a plastic state.
Several recent findings in mouse visual cortex suggest that at least some measure of OD plasticity persists into adulthood (Sawtell et al., 2003; Tagawa et al., 2005; Hofer et al., 2006) , making one wonder whether the susceptibility to MD reported here for the adult BoNT/E rats reflects at least some of this normal, extended plasticity. We consider this interpretation unlikely, however, because we and others have consistently failed to reveal MD effects in normal adult rats by both single-unit and VEP recordings (Fagiolini et al., 1994; Guire et al., 1999; present results) .
In summary, blocking intrinsic cortical activity produces developmental changes that are more profound and long-lasting than those induced by manipulations of afferent sensory input. We also revealed a previously unknown functional matching in the developmental maturation of the two cerebral hemispheres. Such coordinated development allows homogeneous processing of sensory information coming from the two visual hemifields, thus ensuring consistency of the visual percept. The importance of the callosal pathway in integrating cerebral processing is still apparent in adults. Patients with unilateral occipital cortex injury show reduced spatial and temporal sensitivities in the sighted hemifield (Hess and Pointer, 1989; Rizzo and Robin, 1996) .
